Introduction
[2] Large-scale mass wasting is a fundamental process in the evolution of ocean volcanic islands [Labazuy, 1996; Masson et al., 2002; Moore et al., 1989] . However, the structures and deformation patterns that result in volcano flank collapses are significantly different between islands formed on fast moving lithosphere (such as Hawaii and Reunion Island) and those formed on slow moving lithosphere (such as Cape Verde and the Canary Islands). A number of mechanical explanations exists for this contrast in behavior, perhaps the simplest of which is that the greater topographic slopes of slow moving plate island volcanoes become catastrophically unstable as soon as they have been weakened by the development of kilometer-scale rupture surfaces. This, in turn, means that pre-existing zones of weakness (such as hyaloclastite or epiclastic breccia deposits), where such ruptures may initially nucleate, might have a more direct control on the geometry of collapse structures in these slow plate volcanoes than in fast plate volcanoes [Krastel et al., 2001; Mitchell et al., 2002] . While both slumping and catastrophic debris avalanches are common features in fast plate volcanoes [Lipman et al., 1988; Moore et al., 1989 Moore et al., , 1995 , landsliding in slow plate volcanic islands, like the Canary Islands, is dominated by catastrophic debris avalanches, with few indications of slumping.
[3] Several Atlantic volcanic islands in the shield-building stage have been interpreted as showing incipient volcano flank instability that may result in lateral collapse at some time in the future [Day et al., 1999a [Day et al., , 1999b . In the particular cases of La Palma (Canary Islands) and Fogo (Cape Verde Islands), flank instability appears to be related to the construction of the youngest volcanoes on top of older collapse surfaces that induce topographic-gravitational stresses [Ward and Day, 2001 ].
[4] The island of La Palma (∼730 km 2 ) is one of the youngest islands of the Canarian Archipelago. Recent volcanic activity is concentrated on the southern part of the island, where the Cumbre Vieja volcano (∼220 km 2 ) has been constructed during the past 1 Ma reaching a current elevation of 1898 m above sea level. In Cumbre Vieja, the triple rift geometry typical of volcanic islands has been replaced by a structural configuration that indicates the weakening of the western flank of the volcano. During the most recent eruption near the summit of the Cumbre Vieja in 1949, a westfacing fault system was developed along the crest of the volcano. This has been interpreted as the first surface rupture along a developing zone of deformation and seaward movement [Day et al., 1999b] . Recently, geodetic measurements suggest that the mass may still be creeping seawards at 1-2 cm every few years [Moss et al., 1999] , and more recently, Gonzalez et al. [2008] suggest a sub-horizontal fault system at 2-3 km depth and an annual creep rate of 12 mm. However, little is known about the geometry of the older structures upon which the younger Cumbre Vieja volcano is resting and growing, since most of our present knowledge and models comes from surface geology observations. The first surface geophysical experiment on the island was a gravity survey undertaken in 2006 by Camacho et al. [2009] . Their results show a series of low density anomalies on the western flank interpreted as the presence of debris material from the Cumbre Nueva volcano collapse. In order to understand the factors that control flank instability of young Atlantic volcanoes, it is necessary to gather information about their internal structure using geophysical imaging methods, such as the magnetotelluric (MT) method.
AMT Experiment on the Island of La Palma
[5] The MT method is sensitive to bulk and minor properties of a medium. Magnetotelluric data give valuable information regarding the presence of fluids, partial melt or conducting anomalies at shallow levels of the crust and deeper levels of the crust and upper mantle, and also provide first order structure and physico-chemical state (temperature, fluids, melts) of the subsurface. The MT and AMT methods have been used successfully to study various volcanoes, such as the Hawaiian archipelago [Bartel and Jacobson, 1987] , the island of Tenerife (Canary Islands) by Pous et al. [2002] and Coppo et al. [2008] , to monitor active volcanoes [e.g., Manzella and Zaja, 2006; Ogawa et al., 1998; Matsushima et al., 2001; Aizawa et al., 2009] , and also in the Aleutians as part of a environmental and hydrological study [Unsworth et al., 2007] .
[6] In August 2007, we undertook an AMT survey on the island of La Palma. The overarching goal of this survey was image the internal structure of the island. A secondary goal was to assess the effectiveness of the AMT method for addressing such problems. Given that the island is mostly composed of volcanic material which is very resistive, any appreciable decrease in the internal resistivity would have to be caused by either the presence of an alteration zone consisting of clays, by fluids filling in pores and/or cracks, by partial melt, or any combination of them. Survey design using two-dimensional modeling of the island, based on existing geological models and values of resistivities of basalts and other volcanic materials from previous studies, suggested that the maximum penetration depth between frequencies of 1 and 10 Hz should be ∼12 km, sufficient for this study. Given the difficult access of the study area, AMT data at 28 sites were recorded in 8 days of work. These sites were organized in three approximately E-W profiles. The raw time-series were processed using robust processing algorithms [Jones et al., 1989] and the remote reference method was employed using a site located approximately in the middle of the island, north of the three profiles (see Figure 1 for site location).
[7] The high frequency range (10 kHz -1 kHz) of the AMT data displays the typical erratic behavior within the so-called AMT dead-band [Garcia and Jones, 2002] . Therefore, the new wavelet-based algorithm of Garcia and Jones [2008] was used to process the data in this highfrequency band. In spite of the fact that the processing algorithm was successful at recovering reliable responses at high frequencies, some sites were severely affected by local topography at these high frequencies, and without a detailed digital terrain elevation model these data were discarded. Nevertheless, the rejected data did not affect the goals of the project.
[8] As mentioned earlier, we organized the data in three E-W profiles labeled NL, ML and SL ( Figure 1 ). Pseudosections of the apparent resistivities and phases of these three profiles are plotted in Figure 4 , labeled as "OBS" for observed data. The responses are in general of good quality, although some periods and even a whole mode have not been used for the inversion as we describe in a later section. The responses were corrected for galvanic distortion caused by nearby shallow structures using the Groom and Bailey method [Groom and Bailey, 1989] , as implemented in the "strike" algorithm of McNeice and Jones [2001] . Besides correcting for galvanic distortion, this algorithm also performs an analysis of the geo-electric strike. Figure 2 displays the strike angle at three nominal frequencies, showing that a N-S electric strike appears to be the most appropriate to interpret these data using two-dimensional modeling. This agrees with geological models in which a N-S strike for the Cumbre Vieja rift has been described [e.g., Day et al., 1999b] . Nevertheless, it can be appreciated ( Figure 2 ) that for a few sites, mainly along the northern line (NL), and for high frequencies, the strike angle points towards a SE-NW direction. We interpret this as indicative of electric fields being deflected by shallow dike intrusions. Day et al. [1999b] suggest that the development of en echelon vent structures on the western flank of the Cumbre Vieja is caused by the decoupling of the deep triple-rift stress field from a near surface stress field dominated by the topographical-gravitational stresses. Other studies on the effect of topography on dike propagation have shown that dikes will propagate perpendicular to the direction of maximum tensile stress [Cotterell and Rice, 1980] , and in the direction that will give the greatest normal stress at the tip of the dike. The greatest normal stress will be achieved by having a larger load on the surface which gives off a larger compressive stress [Takada, 1989] .
[9] Figure 3 shows the strike angle that best fits a 2D model, independently of frequency, for sites x12 and x08. It can be observed that for site x12, at high frequencies the strike switches direction from a local SW-NE, dike driven direction to a regional N-S at lower frequencies (deeper structures); for site x08 the strike angle switches from a SE-NW angle at high frequencies, to a N-S at lower fre-quencies, although there is no information about the presence or the surface expression of dikes at this location. In Figure 2 all the sites in which we have observed this behavior are marked with black dots.
[10] We have performed some 3D modeling to study the effects of these dikes. Appendix (A) shows the main results from our findings.
[11] An ideal approach at this stage would have been to undertake a full 3D inversion of the La Palma AMT data although the topography and the presence of the Ocean, with steep bathymetry yields this task impossible with today's computer capabilities. On the other hand, 2D inversion has been proven to be a good tool in volcanic environments [Aizawa et al., 2009] . One of the advantages of the "strike" algorithm of McNeice and Jones [2001] is that it can calculate the best strike angle for a group of sites and frequencies. In our case, an angle of 4.5°W is the strike angle that best fits a 2D assumption for all frequencies and sites in each of the three profiles of our data set. We have also tested an angle of 0°obtaining a misfit that is similar to the best angle, therefore we opted for not rotating the data, thus avoiding mixing noise from different channels.
[12] Once the responses have been corrected for galvanic distortion and derived in the correct strike angle, they were inverted using the 2D inversion code of Rodi and Mackie [2001] as implemented in Geosystem's Winglink package, as this algorithm allows for inclusion of topography and bathymetry in the model. In our case we used the GEBCO 2003 and the ETOPO30 databases. We found that for the overall goals of this project, these topographic databases were satisfactory, and higher resolution would only be necessary for shallower studies. The sea layer has been fixed at 0.3W · m. Fixing the sea layer has to be done with care as this conductive layer can cause anomalous conductive artifacts. We found that the inversion procedure produced conductive artifacts and also a conductive structure that "connects" the sea layer with the main conductive structure of the island. The next step was to include a resistive seafloor layer, but the inversion program could not fit the data satisfactorily and a large anomalous conductive structure appeared under the profile. Like Unsworth et al. [2007] we opted for using a "soft" constraint for the seafloor and Ocean layers. This technique allows the inversion code to relax the effect of the sea and fit the data.
[13] Since the strike analysis demonstrated these data could be interpreted using a 2D regional structure, we proceeded with the joint inversion of both (TE and TM) modes. The TE mode assumes that the electric current flows in the direction of the electric strike, while the TM mode assumes that the magnetic currents flow across the electric strike [d' Erceville and Kunetz, 1962] . To overcome potential problems with the regularization of the inversion procedure, this is initiated from a halfspace model of 1,000 W m of resistivity that includes topography and bathymetry, fixing the smoothing parameter (t) to a particular value. This t parameter controls the fitting of the data and the regularization of the resistivity model. For large values of t the fit of the data worsens at the expense of making the model smoother. A good compromise is reached using what is called an "L"-shape curve [Farquharson and Oldenburg, 2004] . This curve can be obtained through a series of inversions using different t parameters, plotting the final fit versus this smoothing t parameter and thus defining the optimum model that fits the data with a reasonable smoothing. The optimum t value obtained for the three profiles inverted in this work was 10. The fit of the data can be measured by the root-mean-square. Using an error floor of 10% on the apparent resistivities and 5% on the phases (in this program the phase error floor is entered as equivalent apparent resistivity percent, 5% is equivalent to 1.45 degrees) we reach a final RMS of 1.45, 1.53 and 1.36 for profiles NL, ML and SL. Apparent resistivity and phase pseudosections of the observed and modeled data are shown in Figure 4 . As can be appreciated the fit is good, with the largest misfit being at the higher frequencies, probably caused by local 3D geology and rough topography. The inversion procedure also recovered the values of the static shifts at each site. As a reminder, these values were the only unknown parameter during the dimensionality and galvanic distortion analysis. We also undertook some inversions using a different background resistivity value for the starting model obtaining very similar final models and fits. A detailed explanation of the inversion process is given by Unsworth et al. [2007] and by Spratt et al. [2009] .
[14] The three best-fitting models corresponding to the three profiles are shown in Figure 5 . The horizontal black Figure 3 . Frequency-dependent strike angle from sites x12 and x08 showing the change in strike direction coincident with the rotation of dikes on Cumbre Vieja. The particular strike angle of the vents near site x12 has been described by Day et al. [1999a] .
lines in the plots indicate the penetration depth for each site at the maximum period used in the 2D inversion, calculated using the Schmucker depth [Schmucker, 1970; Jones, 2006; Spratt et al., 2009] . This function allows to obtain an approximate depth for which the attenuation of the wave is 1/2. These penetration depths are a guide to sensitivity to structure, as structures deeper than a poorly-penetrating site will be sensed by neighboring sites. 
,--
[15] The three profiles show similar resistivity structure with a top resistive layer overlying a more conductive area. The southern profile (SL) shows a more compact, resistive structure broken by a central conductive anomaly. The two other profiles show some breaks in the shallow resistive unit. On line NL one top layer break between sites x10 and x12, is spatially coincidental with the fault system developed during the 1949 eruption (see Figure 1 for detailed surface geology). On line ML, the top resistive layer is thinner and the break in the top resistive layer by site x11 is coincidental with the location of vents and craters of the 1585 eruption on the western flank of the island [Carracedo et al., 2001] . The thickness of this top layer along profiles ML and NL is approximately 1 km, as suggested by the work of Day et al. [1999b] . This top resistive layer overlays a more conductive area on profiles ML and NL. According to geological models this could be an indication of either the presence of fluids or an alteration zone, and both of these interpretations require a zone of high porosity, like collapse debris material or hyaloclastites below the young Cumbre Vieja units. The resistivity models also show a resistive structure underneath this conductive anomaly, although because we restricted our field work to AMT frequencies the models cannot image in detail any deeper structures, but we interpret this as the old Cumbre Nueva basement. The other unique feature seen in profiles NL and ML is the resistive structure to the east of the profiles. This is a robust feature and any attempt to remove it from the models increases the misfit significantly. Also note the low conductive structure associated with the Birigoyo crater (Figure 5a ), which is composed of basaltic, basanitic and tephritic pyroclasts, very loose material that allows for high porosities, thus explaining this conductive anomaly.
[16] Line SL shows a different behavior from profiles NL and ML (Figure 5c ). On this profile we find that the top resistive structure of the island is thicker than to the north, and only a sub-horizontal elongated weak conductive anomaly at some 500 m depth beneath the Montaña Negra crater, that consists of pyroclastics. For this reason we think this enhanced conductivity is caused by the presence of saline water. At 1 km below sea level there is a conductive anomaly that correlates well with the anomalies observed on profiles NL (Figure 5a ) and ML (Figure 5b ). The main difference is that on this line the anomaly is sub-horizontal and there is no resistive anomaly to the east of the profile.
[17] As a test of reliability of the inversion models, we have also created a set of 2D inversions for line NS in which we only considered at each site the range of frequencies that correspond to a NS strike. These tests have started from the same halfspace model considered previously. The resulting inversion models (not shown here) show less control over the structures on the surface not affecting the regional structure that has been considered in this manuscript.
Discussion
[18] The present results show that the western flank of the Cumbre Vieja volcano consists of a 1 km thick resistive structure overlaying a more conductive structure. Similar conductive structures have been observed in the flanks of the Teide volcano in Tenerife, and have been interpreted as alteration zones composed of plastic breccia within a clayish matrix, developed over remnants of previous collapses [Coppo et al., 2007] . Ogawa et al. [1998] , using AMT data, showed that the Usu volcano (Hokaido, Japan) is underlain by a conductor interpreted as a geothermal water-bearing layer, although the top of this conductor consists of smectite, an alteration clay. This clay layer, besides being highly conductive, is impermeable, trapping fluids underneath that also increase conductivity. Similarly, Schnegg [1997] interpreted a conductive anomaly on the southern flank of the volcanic island of the Piton de la Fournaise (Reunion Island) as a clay bearing layer separating older units from more recent, and Jones and Dumas [1993] interpreted the presence [19] Water, both fresh and sea water, is usually the fluid responsible for resistivity anomalies at depths considered in this study. On the island of La Palma, fresh water is extracted in the mountain for human use [Carracedo et al., 2001] , although it has been suggested that sea water flows towards the island [Urgeles et al., 2000] and saline water intrusion has been reported in aquifers [Consejo Insular de Aguas de La Palma, 2001] close to shore. Nevertheless, the wells used for human consumption on the location of the profiles excludes the presence of sea water intrusion into the aquifers, and therefore we should rule out this possibility. Using Archie's law to obtain an approximate porosity for resistivities of 3-5W · m [e.g., Unsworth et al., 2007] we obtain porosities of the order of 40-50% for fresh water and porosities between 15-23% for sea water (being the upper and lower limits depending on the use of the cementation factor m = 1 for water distributed in cracks or m = 1.5 for well-connected pores). High porosities (40%) have been found in hyaloclastites [Schiffman et al., 2005] , but those were poorly consolidated and on the submarine flank of Mauna Kea (Hawaii), presenting a higher degree of compactification at higher depths. At the depths that we are considering in the island of La Palma, 1 to 3 km below the surface, the estimated values of the porosities are anomalously high. The lower values of porosity estimated for sea water (15-23%) are similar to the ones found by Unsworth et al. [2007] , and could explain the conductive anomalies in the island, but there is no evidence of its presence in the study area. Another phase is necessary to explain this conductivity enhancement. Alteration clay (smectite) has been proposed for other volcanic islands, specifically in the island of Tenerife. It is a good conductor [Ogawa et al., 1998] , and a situation similar to the one described by Ogawa et al. [1998] in Usu volcano is applicable to the La Palma case: a combination of fluids trapped in this very porous layer with an alteration zone caused by the presence of fluids.
[20] We therefore interpret the conductive structure in the western flank of Cumbre Vieja volcano as an indication of the presence of debris material from the collapse of the Cumbre Nueva volcano and the later emplacement of Cumbre Vieja hyaloclastites on top of them, as suggested by Day et al. [1999b] . This interpretation of a weak layer is also reinforced by the observed rotation of the dikes as they ascend to surface (Figures 2 and 3) . It has been suggested that this rotation indicates the presence of a boundary zone between the triplerift zone and the topographical-gravitational stress zone, that is structurally weak [Day et al., 1999b] .
[21] Further, the interpretation of InSAR ground deformation data from Gonzalez et al. [2008] suggests a subhorizontal fault system at 2-3 km depth that correlates well with the results from the present work. A recent gravity survey [Camacho et al., 2009] on the island of La Palma shows areas of low-density material on the western flank of the island, that have been interpreted as debris material from the collapse of the Cumbre Nueva volcano.
[22] There is a third possible cause of conductivity enhancement, namely partial melting, that we need to consider. If we track the conductive anomaly from the NL profile to the SL profile, and also consider the location of the fault system that developed during the 1949 eruption on profile NL, we see that the conductivity anomaly migrates west, and also from a depth of 1 km b.s.l. on profile ML to a depth of 1.5 km b.s.l. on profile ML and 2 km b.s.l. on profile SL. This structure is too large to be caused by a shallow magma chamber. Besides, temperatures of 650°C at 1-2 km below the surface would make the surface too hot to walk on! Therefore, we can reject this hypothesis.
[23] Using this conductive anomaly we can map the electrical expression of the footwall of the Cumbre Nueva units ( Figure 6 ). In Figure 6 we have delimited the inferred unstable block using the results from the present work and we also show limits suggested by previous studies. Our proposed extension is situated between the more conservative model suggested by Ancochea et al. [1994] and Carracedo [1994] , and the model suggesting a larger block of Day et al. [1999b] . [24] The resistive anomalies that we observe on the western end of profiles NL and ML (Figures 5a and 5b) probably indicate the presence of the feeding dikes for Cumbre Vieja volcano, as usually these are low porosity, highly resistive structures [Ogawa et al., 1998 ]. Their contacts are usually marked by conductive anomalies caused by the presence of fluids, which is not the case on the western flank of the island of La Palma. More measure- ments of the eastern part of the island are needed to properly map these possible anomalies.
Conclusions
[25] This work presents for the first time a electromagnetic study of the subsurface of the island of La Palma. The knowledge of the internal structure is key to study the evolution and also the potential hazards associated with weak zones. The present work maps the structures under the modern volcanic units of the Cumbre Vieja volcano, showing an area of enhanced conductivity interpreted as an alteration zone that also contains fluids.
[26] It has been suggested that the western flank of the island could potentially collapse and cause a tsunami of devastating consequences [Ward and Day, 2001; Løvholt et al., 2008] . These two studies used the inferred geological model of the island of Day et al. [1999b] , with a large western block collapsing towards the sea. In the present work we show that part of the southern extent of this western flank is close to the more conservative assumptions of Ancochea et al. [1994] and Carracedo [1994] . Based on the present work, future models of potential collapse of the western flank of the island will have to use the more conservative assumptions.
[27] The rotation of the dikes caused by the change of stress regime has also been imaged in the present work using an algorithm used in MT methods regularly to analyze dimensionality. The analysis shows a shallow direction of the dikes pointing in an approximated NE-SW direction and rotates gently towards a NS direction with depth. This result also suggests the existence of an structurally weak area at depths in which we locate the conductive anomaly. The ability of the MT method to detect these structures is discussed in Appendix A.
[28] To map properly the internal structure of the Cumbre Vieja volcano, more measurements have to be undertaken on the island, extending existing lines to the east and adding more profiles north and south of the present ones. Although, a fine 3D modeling with detailed topography and bathymetry of the island would be necessary to study the deeper structures of the island of La Palma [e.g., Franke et al., 2007] .
Appendix A: Strike Analysis of Synthetic 3D Models Including Dikes [29] In this section we describe a modeling exercise to test the effect of dikes on the strike analysis and 2D inversion models, using a crude model of the island of La Palma. Note that none of the models that are described in this section include topography because of the amount of detail required, although the sea layer (bathymetry) has been included. To simplify the models even more only sites from the Northern Line (NL) have been considered as they are the ones affected by the emplacement of dikes (Figure 2 ). For the 3D forward modeling we have used the Mackie et al.
[1994] MTD3FWD code implemented in Geosystem's Winglink package.
[30] In the first place we need to assess the effect of the surrounding sea on our data. To do this we construct a coarse homogeneous model of the island and test whether the sea affects the responses at the frequencies of interest.
The results (not shown here) are that except for the western and southeastern margins of the island, closer to profile NL there is no noticeable sea effect at the frequencies of interest. Therefore we can simplify the model as it does not require as much bathymetric detail.
[31] The background model of the island is a simplified model from the 2D inversion of profile NL (Figure 5a ). This model consists of a top 1 km resistive (1,000W · m) layer, overlying a vertical contact. Figure A1 shows an EW cut, top view ( Figure A1b ) and a detailed image from the dike ( Figure A1c ) of the model considered here. On the western part of the island we have reduced the conductivity to 100W · m. Over the eastern part of the island, the top conductive structure has been extended down to 6 km depth. Below this 6 km a basal 100W · m layer has been placed. A 1 km thick conductive 10W · m structure, coincidental with the alteration layer, has also been placed in the model.
[32] As stated earlier, given the complexity of the study area the problem needs to be reduced and therefore we have considered only dikes under sites x12 and x10 ( Figure A1c) . We have tested different angles, but here we present results from the most representative, that corresponds to an strike angle of ∼45°for the dikes. As dikes are basically basaltic structures they should be resistive, but the contact area with the host rock can be altered and therefore we consider two different situations. In the first one, dikes are considered as relatively conductive structures (200W · m); in the second one, as resistive (5000W · m) with respect to the resistivities of the host rock.
[33] In the first example the dikes are more conductive than the host rock (200W · m). In Figure A1d are shown the strike angle for two sites close to the dike, x12 (solid squares) and x10 (square) and for a site ∼1 km away from the dike system j11 (circle). As can be appreciated the strike angle indicates the presence of a local structure for the sites next to the dike while the strike angle for site j11 is coincidental with the regional strike angle. The 2D inversion model is found in Figure A1e , showing a smoothed version of the regional model ( Figure A1b ) with no trace of anomalies caused by the dike on the surface. The data fit is acceptable with a final RMS of 1.5.
[34] Figures A1f and A1g show the example for a resistive dike (5000W · m). The strike analysis ( Figure A1f) shows that the best strike angle that would explain the data from the two sites next to the dike, x12 (solid square) and x10 (square), deviates from the regional 0°angle. While site j11, ∼1 km away from the dike, has a regional strike angle of 0°and thus is not affected by the local structure. The 2D inversion model ( Figure A1g ) also recovers the regional background resistivity ( Figure A1b ) and shows no trace of the dikes on the top layer.
[35] Both these examples, provide evidence that the inclusion of small scale, elongated structures on the uppermost layer of the crust can modify the strike angle of the MT responses, but it may be not imagined by the conductivity structure obtained from inversion. They also show that a site ∼1 km away from the dike can be unaffected by it.
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